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AbVWUacW: PUojecWionV of fXWXUe global hXman popXlaWion aUe WUadiWionall\ made XVing biUWh/deaWh
WUend e[WUapolaWionV, bXW WheVe meWhodV ignoUe limiWV. E[pUeVVing hXmaniW\ aV a K-
VelecWed VpecieV ZhoVe nXmbeUV aUe limiWed b\ Whe global caUU\ing capaciW\ pUodXceV
a diffeUenW oXWlook. PopXlaWion daWa foU Whe Vecond millenniXm Xp Wo Whe \eaU 1970 ZaV
fiW Wo a h\peU-e[ponenWial gUoZWh eTXaWion, ZheUe Whe UaWe conVWanW foU gUoZWh iWVelf
gUoZV e[ponenWiall\ dXe Wo gUoZWh of life-VaYing Wechnolog\. The diVcUepancieV
beWZeen Whe pUojecWed gUoZWh and Whe acWXal popXlaWion daWa Vince 1970 aUe accoXnWed
foU b\ a decUeaVe in Whe global caUU\ing capaciW\ dXe Wo ecoV\VWem degUadaWion. A
V\VWem d\namicV model WhaW beVW fiWV UecenW popXlaWion nXmbeUV VXggeVWV WhaW Whe
global biocapaciW\ ma\ alUead\ haYe been UedXced Wo one-half of iWV hiVWoUical YalXe
and global caUU\ing capaciW\ ma\ be aW iWV 1965 leYel and falling. SimXlaWionV VXggeVW
WhaW popXlaWion ma\ Voon peak oU ma\ haYe alUead\ peaked. PopXlaWion pUojecWionV
depend VWUongl\ on Whe XnknoZn fUagiliW\ oU UobXVWneVV of Whe EaUWh'V eVVenWial
ecoV\VWem VeUYiceV WhaW affecW agUicXlWXUal pUodXcWion. NXmbeUV foU Whe 2020 global
cenVXV ZeUe noW aYailable foU WhiV VWXd\.

OUdeU of AXWhoUV: ChUiVWopheU B\VWUoff

AddiWional InfoUmaWion:

QXeVWion ReVponVe

Financial DiVcloVXUe

EnWeU a financial diVcloVXUe VWaWemenW WhaW
deVcUibeV Whe VoXUceV of fXnding foU Whe
ZoUk inclXded in WhiV VXbmiVVion. ReYieZ
Whe VXbmiVVion gXidelineV foU deWailed
UeTXiUemenWV. VieZ pXbliVhed UeVeaUch
aUWicleV fUom PLOS ONE foU Vpecific
e[ampleV.

ThiV VWaWemenW iV UeTXiUed foU VXbmiVVion
and Zill appeaU in Whe pXbliVhed aUWicle if
Whe VXbmiVVion iV accepWed. PleaVe make
VXUe iW iV accXUaWe.

C.B. ZaV VoppUWed b\ an aZaUd fUom a pUiYaWe foXndaWion WhaW ZiVheV Wo Uemain
anon\moXV. The fXndeUV had no Uole in VWXd\ deVign, daWa collecWion and anal\ViV,
deciVion Wo pXbliVh, oU pUepaUaWion of Whe manXVcUipW.
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UnfXnded VWXdieV
EnWeU: The aXWhoU(V) UeceiYed no Vpecific
fXnding foU WhiV ZoUk.

FXnded VWXdieV
EnWeU a VWaWemenW ZiWh Whe folloZing deWailV:

IniWialV of Whe aXWhoUV Zho UeceiYed each
aZaUd

ವ

GUanW nXmbeUV aZaUded Wo each aXWhoUವ
The fXll name of each fXndeUವ
URL of each fXndeU ZebViWeವ
Did Whe VponVoUV oU fXndeUV pla\ an\ Uole in
Whe VWXd\ deVign, daWa collecWion and
anal\ViV, deciVion Wo pXbliVh, oU pUepaUaWion
of Whe manXVcUipW?

ವ

NO - InclXde WhiV VenWence aW Whe end of
\oXU VWaWemenW: The fXndeUV had no Uole in
VWXd\ deVign, daWa collecWion and anal\ViV,
deciVion Wo pXbliVh, oU pUepaUaWion of Whe
manXVcUipW.

ವ

YES - Specif\ Whe Uole(V) pla\ed.ವ

* W\peVeW

CompeWing InWeUeVWV

UVe Whe inVWUXcWionV beloZ Wo enWeU a
compeWing inWeUeVW VWaWemenW foU WhiV
VXbmiVVion. On behalf of all aXWhoUV,
diVcloVe an\ compeWing inWeUeVWV WhaW
coXld be peUceiYed Wo biaV WhiV
ZoUkಧacknoZledging all financial VXppoUW
and an\ oWheU UeleYanW financial oU non-
financial compeWing inWeUeVWV.

ThiV VWaWemenW iV UeTXiUed foU VXbmiVVion
and Zill appeaU in Whe pXbliVhed aUWicle if
Whe VXbmiVVion iV accepWed. PleaVe make
VXUe iW iV accXUaWe and WhaW an\ fXnding
VoXUceV liVWed in \oXU FXnding InfoUmaWion
laWeU in Whe VXbmiVVion foUm aUe alVo
declaUed in \oXU Financial DiVcloVXUe
VWaWemenW.

VieZ pXbliVhed UeVeaUch aUWicleV fUom
PLOS ONE foU Vpecific e[ampleV.

The aXWhoU haV declaUed WhaW no compeWing inWeUeVWV e[iVW.
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NO aXWhoUV haYe compeWing inWeUeVWV

EnWeU: The aXWhoUV haYe declaUed WhaW no
compeWing inWeUeVWV e[iVW.

AXWhoUV ZiWh compeWing inWeUeVWV

EnWeU compeWing inWeUeVW deWailV beginning
ZiWh WhiV VWaWemenW:

I haYe Uead Whe joXUnal'V polic\ and Whe
aXWhoUV of WhiV manXVcUipW haYe Whe folloZing
compeWing inWeUeVWV: [inVeUW compeWing
inWeUeVWV heUe]

* W\peVeW

EWhicV SWaWemenW

EnWeU an eWhicV VWaWemenW foU WhiV
VXbmiVVion. ThiV VWaWemenW iV UeTXiUed if
Whe VWXd\ inYolYed:

HXman paUWicipanWVವ
HXman VpecimenV oU WiVVXeವ
VeUWebUaWe animalV oU cephalopodVವ
VeUWebUaWe embU\oV oU WiVVXeVವ
Field UeVeaUchವ

WUiWe "N/A" if Whe VXbmiVVion doeV noW

UeTXiUe an eWhicV VWaWemenW.

GeneUal gXidance iV pUoYided beloZ.

ConVXlW Whe VXbmiVVion gXidelineV foU

deWailed inVWUXcWionV. Make VXUe WhaW all

infoUmaWion enWeUed heUe iV inclXded in Whe

MeWhodV VecWion of Whe manXVcUipW.

N/A
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FoUmaW foU Vpecific VWXd\ W\peV

HXman SXbjecW ReVeaUch (inYolYing hXman
paUWicipanWV and/oU WiVVXe)

GiYe Whe name of Whe inVWiWXWional UeYieZ
boaUd oU eWhicV commiWWee WhaW appUoYed Whe
VWXd\

ವ

InclXde Whe appUoYal nXmbeU and/oU a
VWaWemenW indicaWing appUoYal of WhiV
UeVeaUch

ವ

IndicaWe Whe foUm of conVenW obWained
(ZUiWWen/oUal) oU Whe UeaVon WhaW conVenW ZaV
noW obWained (e.g. Whe daWa ZeUe anal\]ed
anon\moXVl\)

ವ

Animal ReVeaUch (inYolYing YeUWebUaWe

animalV, embU\oV oU WiVVXeV)
PUoYide Whe name of Whe InVWiWXWional Animal
CaUe and UVe CommiWWee (IACUC) oU oWheU
UeleYanW eWhicV boaUd WhaW UeYieZed Whe
VWXd\ pUoWocol, and indicaWe ZheWheU Whe\
appUoYed WhiV UeVeaUch oU gUanWed a foUmal
ZaiYeU of eWhical appUoYal

ವ

InclXde an appUoYal nXmbeU if one ZaV
obWained

ವ

If Whe VWXd\ inYolYed non-hXman pUimaWeV,
add addiWional deWailV aboXW animal ZelfaUe
and VWepV Waken Wo amelioUaWe VXffeUing

ವ

If aneVWheVia, eXWhanaVia, oU an\ kind of
animal VacUifice iV paUW of Whe VWXd\, inclXde
bUiefl\ Zhich VXbVWanceV and/oU meWhodV
ZeUe applied

ವ

Field ReVeaUch

InclXde Whe folloZing deWailV if WhiV VWXd\

inYolYeV Whe collecWion of planW, animal, oU

oWheU maWeUialV fUom a naWXUal VeWWing:
Field peUmiW nXmbeUವ

Name of Whe inVWiWXWion oU UeleYanW bod\ WhaW
gUanWed peUmiVVion

ವ

DaWa AYailabiliW\

AXWhoUV aUe UeTXiUed Wo make all daWa
XndeUl\ing Whe findingV deVcUibed fXll\
aYailable, ZiWhoXW UeVWUicWion, and fUom Whe
Wime of pXblicaWion. PLOS alloZV UaUe
e[cepWionV Wo addUeVV legal and eWhical
conceUnV. See Whe PLOS DaWa Polic\ and
FAQ foU deWailed infoUmaWion.

YeV - all daWa aUe fXll\ aYailable ZiWhoXW UeVWUicWion
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A DaWa AYailabiliW\ SWaWemenW deVcUibing
ZheUe Whe daWa can be foXnd iV UeTXiUed aW
VXbmiVVion. YoXU anVZeUV Wo WhiV TXeVWion
conVWiWXWe Whe DaWa AYailabiliW\ SWaWemenW
and Zill be pXbliVhed in Whe aUWicle, if
accepWed.

ImpoUWanW: SWaWing ಫdaWa aYailable on UeTXeVW
fUom Whe aXWhoUಬ iV noW VXfficienW. If \oXU daWa
aUe onl\ aYailable Xpon UeTXeVW, VelecW ಫNoಬ foU
Whe fiUVW TXeVWion and e[plain \oXU e[cepWional
ViWXaWion in Whe We[W bo[.

Do Whe aXWhoUV confiUm WhaW all daWa

XndeUl\ing Whe findingV deVcUibed in WheiU

manXVcUipW aUe fXll\ aYailable ZiWhoXW

UeVWUicWion?

DeVcUibe ZheUe Whe daWa ma\ be foXnd in
fXll VenWenceV. If \oX aUe cop\ing oXU
Vample We[W, Ueplace an\ inVWanceV of XXX
ZiWh Whe appUopUiaWe deWailV.

If Whe daWa aUe held oU Zill be held in a
pXblic UepoViWoU\, inclXde URLV,
acceVVion nXmbeUV oU DOIV. If WhiV
infoUmaWion Zill onl\ be aYailable afWeU
accepWance, indicaWe WhiV b\ Wicking Whe
bo[ beloZ. FoU e[ample: All XXX fileV
aUe aYailable fUom Whe XXX daWabaVe
(acceVVion nXmbeU(V) XXX, XXX.).

ವ

If Whe daWa aUe all conWained ZiWhin Whe
manXVcUipW and/oU SXppoUWing
InfoUmaWion fileV, enWeU Whe folloZing:
All UeleYanW daWa aUe ZiWhin Whe
manXVcUipW and iWV SXppoUWing
InfoUmaWion fileV.

ವ

If neiWheU of WheVe applieV bXW \oX aUe
able Wo pUoYide deWailV of acceVV
elVeZheUe, ZiWh oU ZiWhoXW limiWaWionV,
pleaVe do Vo. FoU e[ample:

DaWa cannoW be VhaUed pXblicl\ becaXVe
of [XXX]. DaWa aUe aYailable fUom Whe
XXX InVWiWXWional DaWa AcceVV / EWhicV
CommiWWee (conWacW Yia XXX) foU
UeVeaUcheUV Zho meeW Whe cUiWeUia foU
acceVV Wo confidenWial daWa.

The daWa XndeUl\ing Whe UeVXlWV
pUeVenWed in Whe VWXd\ aUe aYailable
fUom (inclXde Whe name of Whe WhiUd paUW\

ವ

All WoUld4 model daWa aUe inclXded in Table 1 of Whe manXVcUipW. PopXlaWion daWa iV
aYailable fUom WoUldomeWeU (ZZZ.WoUldomeWeUV.info). WiWhin WhaW VoXUce,
fUom 1950 Wo cXUUenW \eaU, daWa iV fUom UniWed NaWionV, DepaUWmenW of Economic and
Social AffaiUV, PopXlaWion DiYiVion. WoUld PopXlaWion PUoVpecWV: The 2019 ReYiVion.
(MediXm-feUWiliW\ YaUianW). AcceVV Wo Whe laWeVW WoUld4 model WhUoXgh inVighWmakeU.com
iV aYailable b\ VeaUching foU "WoUld4.5". H\peUfiW.f90 iV aYailable Xpon UeTXeVW fUom Whe
aXWhoU.
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and conWacW infoUmaWion oU URL).
ThiV We[W iV appUopUiaWe if Whe daWa aUe
oZned b\ a WhiUd paUW\ and aXWhoUV do
noW haYe peUmiVVion Wo VhaUe Whe daWa.

ವ

* W\peVeW

AddiWional daWa aYailabiliW\ infoUmaWion:
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2 

Abstract 12 

 13 

Projections of future global human population are traditionally made using birth/death trend 14 

extrapolations, but these methods ignore limits. Expressing humanity as a K-selected species whose 15 

numbers are limited by the global carrying capacity produces a different outlook. Population data 16 

for the second millennium up to the year 1970 was fit to a hyper-exponential growth equation, 17 

where the rate constant for growth itself grows exponentially due to growth of life-saving 18 

technology. The discrepancies between the projected growth and the actual population data since 19 

1970 are accounted for by a decrease in the global carrying capacity due to ecosystem degradation. 20 

A system dynamics model that best fits recent population numbers suggests that the global 21 

biocapacity may already have been reduced to one-half of its historical value and global carrying 22 

capacity may be at its 1965 level and falling. Simulations suggest that population may soon peak or 23 

may have already peaked. Population projections depend strongly on the unknown fragility or 24 

robustness of the Earth's essential ecosystem services that affect agricultural production. Numbers 25 

for the 2020 global census were not available for this study.  26 

 27 

Introduction 28 

 29 

Global human population has grown alarmingly in the 20th century, leading to speculation about the 30 

maximum number we will reach and when. Estimates of the human carrying capacity vary widely45, as 31 

widely as the fields of study that address population: economics, demographics, history, system 32 

dynamics, ecology, sociology, archeology, and bioinformatics to name a few. Some see doom and gloom 33 

in our collective future11,43, and rational discourse is inhibited by a broad and multifaceted  taboo on 34 

discussion of population in general44. So global population dynamics remains understudied and poorly 35 

understood. The field lacks hard models and objective scrutiny, settling for informal, subjective and 36 

descriptive models that are poor predicters of the true numbers that we would like to know. 37 

whatdoes hard mean here
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 38 

This paper asserts two points. (1) Global human population growth does not fit the exponential growth 39 

equation that governs all living things under static growth conditions. Instead it fits a hyper-exponential 40 

function in which the growth rate itself grows exponentially3. The implication is that there is a quantity 41 

that governs the rate of growth, and that it is itself a growing quantity. Technology, broadly defined, is 42 

such a quantity, since it drives increases in human life expectancy4. Knowledge of technology grows 43 

exponentially because established knowledge enables and accelerates the emergence of new knowledge. 44 

(2) Obviously, the world is finite and population growth cannot go on forever, but within that truth it is 45 

uncertain whether population will top-out at the carrying capacity, exceed it, or crash to a lower level. The 46 

outcome depends on the nature of the carrying capacity. In this work, carrying capacity is defined as a 47 

dynamic number of humans that cannot be exceeded, consistent with some prior use7, but other prior uses 48 

treat carrying capacity as a static number or a number that can be exceeded. A dynamic hard limit is 49 

consistent with the treatment of humans as a K-selected species with a food-supply-limited population2. 50 

The food supply is in turn impacted by environmental degradation, including climate change8. These two 51 

concepts, hyperexponential technology-driven growth and dynamic carrying capacity-limited population, 52 

are encoded in a new, predictive system dynamics model. 53 

 54 

Past predictions of the future of human population range from qualitative to quantitative. Demographic 55 

transition theory9 asserts that technological advances decrease the death rate first, then decrease the birth 56 

rate, leading ultimately to stability. United Nations-sponsored extrapolations of trends in birth and death 57 

rates, sometimes including a stochastic treatment of migration, predict a population peak around 2050 at 58 

around 9 billion followed by a slow decline1. An older, surprisingly simple mathematical model fits 59 

population to a hyperbola10. Although presented in a tongue-in-cheek manner, the hyperbolic "doomsday" 60 

model nonetheless correctly predicted the world population within 8% for another 40 years after it was 61 

published in 1960. However, these models contain no explicit global limits.  62 

 63 

Hcannotcontinuetogrow
exponentially
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The ecological footprint literature sets a numerical limit to the sustainable human impact on the planet11. 64 

If the "footprint" is not maintained within sustainable limits, then an increase in the mortality rate ensues. 65 

However, this negative feedback loop is only informally described. A key concept in moving from an 66 

informal to a formal (i.e. numerical and predictive) model is the notion that nature renders essential 67 

services to humanity in proportion to nature.  Herein, the ecosphere is defined as the portion of the global 68 

biocapacity that is not appropriated by humans and which renders the essential ecosystem services. The 69 

humansphere is defined as the portion of the biocapacity that has been taken from the ecosphere and does 70 

not yield these services. These two terms come from the footprint literature12, but here they are conceived 71 

with a few subtle differences. The ecosphere, but not the humansphere, absorbs carbon dioxide from the 72 

atmosphere to the extent that it contains growing plants. Absorption of carbon dioxide by the 73 

humansphere does not count because carbon dioxide absorbed into food by agriculture is re-emitted by 74 

decomposition or after eating by respiration. Likewise, the ecosphere but not the humansphere 75 

regenerates fresh water, regenerates soil fertility, pollinates flowering plants, and stabilizes the climate 76 

roughly in proportion to its fraction of the Earth's biocapacity. It also provides numerous support services 77 

"behind the scenes", such as maintenance of the food web that supports fish stocks and maintenance of 78 

the habitats of pollinating insects. To the extent that these services are lost, land from the ecosphere 79 

passes to the humansphere.   80 

 81 

Technology and its effect on population has been written about extensively. Some view technology as an 82 

outgrowth of increased population ("More people means more Isaac Newtons")40,41 and others see it as a 83 

driver of growth42. Among those who see technology as a causal agent, some see it as an intrinsic property 84 

of all life, growing as if it were a living thing43. The so-called "singularity" is viewed as a point where 85 

technological advancement escapes human control46. To formalize the concept and make it predictive and 86 

numerical, we must define technology and attach it to something that we can measure. Herein, technology 87 

is defined as the capacity to decrease the death rate and to increase the carrying capacity. As such, 88 

technology is attached to the population growth rate. 89 

that
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 90 

System dynamics (SD) models for world population dating back to the 1970's included explicit limits to 91 

growth using ecological and economic feedback loops, providing a means to reproduce technology-driven 92 

hyper-exponential growth and to forecast a downturn13,14. A 2004 "world" SD model called World3 93 

predicted our population future under various policy scenarios15. Its "standard run" predicted a peak 94 

population between 9 and 14 billion happening between years 2075 and 2085, followed by a decline of 20 95 

to 40% over the subsequent 50 years, depending on estimates for global arable land. Several other world 96 

models were developed in the wake of World3, each of which endeavored to make the system more 97 

complex, not simpler. Authors of some follow-up studies chose to subdivide humanity16; others 98 

introduced complex resource management systems17. The perceived complexity of SD models may have 99 

impeded their widespread  adoption.  100 

 101 

Modeling humanity as a K-selected species with technological acceleration of growth and a proportional 102 

degradation of the food production system leads inevitably to a boom/bust outcome. Consider that, first, 103 

humanity cannot exceed the food supply; second, that the food supply depends on ecosystem services that 104 

are essential for their production; and third, that those natural systems are being destroyed by human 105 

growth. Positive followed by negative feedback all but assures an overshoot followed by a crash in 106 

population, not a high plateau as some have predicted, although this is still possible.  107 

 108 

This paper presents the arguments for this pessimistic projection. A formal model is used to explore the 109 

dark space of population collapse in detail, and future projections are fine-tuned by optimizing the model 110 

parameters against past population numbers and other data. Concepts derived from or inspired by the 111 

footprint literature2, the theorized technological "singularity"43, and the biological view of humanity as a 112 

K-selected species2, have led to the system dynamics model presented here (Figure 1) . This is a "mind 113 

size"18 SD world model, offered with the hope of making a complex system simpler, easier to understand 114 

does this mean

X
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and easier to teach, and to better understand the Earth's limits to growth and humanity's likely future 115 

trajectory.  116 

 117 

Results 118 

The simple model, called World4, consists of four stocks and four flows, forming two interacting binary 119 

subsystems. There are two stocks quantifying states of the global environment (humansphere  versus 120 

ecosphere) and two stocks quantifying states of technological development (knowledge  versus 121 

ignorance). Both are closed systems, which means there are no outside sources or sinks. The only source 122 

of domesticated land (humansphere) is wild land (ecosphere), and life-saving technologies (knowledge) 123 

can only save more lives to the extent that there is a non-zero death rate (ignorance). In this model, 124 

knowledge draws down the death rate, while ignorance is the death rate itself.  Knowledge does double  125 

duty by also increasing the carrying capacity. Other forms of knowledge and technology are ignored. 126 

We'll get back to technology, but first let's discuss humanity.  127 

 Environment 128 

Humanity is represented by its ecological footprint within the Environment subsystem. The footprint is 129 

the amount of Earth's biocapacity appropriated for human use12. The Earth has a maximum total 130 

biocapacity (E0) estimated to be around 1.12e10 global hectares (gha) which is shared between wild and 131 

domesticated land and sea. Humansphere is equal to population times the average consumption per capita, 132 

times a term derived from the state of technology. In terms of the popular "I=PAT"47  for ecological 133 

impact, humansphere is "I", population is "P",  and the carrying capacity equation (CC) expresses the "A" 134 

Figure 1. (a) World4,  a system dynamics model that reproduces world population numbers up to 2010 
and projects forward. Stocks (rectangles) and flows (solid arrows) form two interacting closed systems, 
one for Technology and one for Environment. Input variables (ovals) are colored and grouped by 
function. Output variables (white) are the global carrying capacity (CC) and population.  Dashed lines 
indicate variable dependencies. (b) World4 simulations superposed on 20th century population numbers 
(thick cyan line) and UN population projections1 (dashed blue line is the median projection and light blue 
are 95% confidence region). The program hyperfit carried out 1 million World4 simulations using 
randomly selected parameters from ranges listed in Table 1. Shown are the 184 trajectories that deviate 
from 1970-2010 population data by less than rms 0.5e8. Simulations are colored by their E0 value (total 
ecosystem size in gha, see inset). Counterintuitively, a low E0 means a higher population is sustainable. 

what follows is not results It ismainly methodology

that



7 

(affluence)  and "T" (technology) terms.  In this model, population is viewed as a consequence rather than 135 

a cause of consumption. Therefore the expression becomes P=I/(AT), or  136 

 population = humansphere x CC, (1) 137 

where CC is the reciprocal encoding of the informal concepts A and T. Humansphere grows intrinsically 138 

in the model, via the flow 139 

 domestication = (I0 + ln(2)/Ĳ) (1-exp(u ecosphere/E0)) x humansphere (2) 140 

because human need for more land grows with, and is proportional to, the population. The rate constant 141 

(I0 + ln(2)/Ĳ ) (1-exp(u ecosphere/E0) approaches zero as ecosphere approaches zero because ecosphere 142 

cannot be negative. u is a negative number that models the strength of this feedback. I0 + ln(2)/Ĳ is the 143 

birth rate, which is the replacement of deaths (I0) plus the net growth, where the latter is reciprocally 144 

related to the intrinsic doubling time  Ĳ, in years. The approach of basing population on carrying capacity 145 

is contrary to most population models, including World314, that express population in terms of births and 146 

deaths. Hopfenberg2 and others have argued that population growth should be viewed as food-supply 147 

driven rather than the result of births and deaths. This view has been met with skepticism48  but it is 148 

consistent with the treatment of humans as a K-selected species. To treat humans differently from all 149 

other K-selected species would be a form of "human exceptionalism" 49, which is not scientific. 150 

Moreover, ecosphere cannot be expressed in terms of a population, so gha units make sense for these 151 

stocks. 152 

 Technology 153 

In this model, technology is a driver of growth through the suppression of mortality and is a factor in 154 

amplifying the human carrying capacity.  In a sense, technology (or knowledge of technology) is an 155 

independent living entity since it can exist in written form outside of humanity itself and since it has its 156 

own catalytic effect on the development of new technology. Thus it is not wrong to treat technology as a 157 

living thing that can grow exponentially. The expression for intrinsic flow into knowledge is 158 

I assume u is constant
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 learning = ț x knowledge (3) 159 

where ț is a constant. Also, like a living thing, technology can "die" by obsolescence. Even though the 160 

knowledge may still remain, its usefulness towards human survival can whither to zero (buggy whip 161 

technology, for instance). Thus in the model we lump together unlearned or unknown technology with 162 

obsolescent or ineffective technology under the term ignorance, a quantity that is rate constant for 163 

mortality. More specifically, since humanity is being expressed in terms of its ecological footprint in gha 164 

units, and because death represents the return of human appropriated biocapacity to the ecosphere, 165 

therefore ignorance is the rate constant for that flow, called rewilding.  166 

 rewilding = ignorance x humansphere (4) 167 

 Feedback loops 168 

The two subsystems, Environment and Technology, interact to form a feedback loop. It is postulated that 169 

the loss of the undomesticated environment will cause technological challenges to human survival due to 170 

the loss of ecosystem services that are required for food production. To model this, ecosphere feeds back 171 

to obsolescence as follows. 172 

 obsolescence = 0.5 exp(v ecosphere/E0) x knowledge (5) 173 

where v is a negative number. As the wild environment disappears (depleting fresh water aquifers and 174 

fossil fuels, for instance), old technologies lose their usefulness (center-pivot groundwater irrigation 175 

systems, oil-fired electric generators), and humanity must develop new technologies to survive (ocean 176 

desalination, photovoltaic panels). Thus it makes sense that ecosphere depletion leads to obsolescence.  177 

This completes a negative feedback loop (Figure 2a). To play out a scenario on this loop, we can imagine 178 

that ignorance goes to zero, therefore rewilding decreases. This leads to a decrease in ecosphere by 179 

domestication.  Depletion of ecosphere causes an increase in ignorance, therefore an increase in 180 

rewilding, reversing the effect. In the context of the exponentially depleting quantities ignorance and 181 

ecosphere, the system reaches a switching point and thereafter equilibrates (Figure 2b). Interestingly, this 182 
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is the same feedback cycle that generates Lotke-Volterra oscillation (inset in Figure 2b) but under other 183 

circumstances. Because both ecosphere and ignorance are decreasing rapidly, the oscillation is severly 184 

damped to the point of being singular.  185 

 186 

 Fitting 187 

 Parameter settings for the model were determined by non-linear least squares fitting against historical 188 

population data. The intent of the project was to explain the hyper-exponential growth that was observed 189 

in the 19th and 20th centuries, and to predict the outcome of the ever-widening downward discrepancy 190 

between the expected hyper-exponential growth and the actual population trajectory since 1970 (Figure 191 

3d). Fitting data before 1970 to a hyper-exponential model asks the question ³HRZ did humanity grow in 192 

the absence of OiPiWV?´ Whereas, fitting the late 20th century discrepancy asks the question "How do 193 

planetary limitations slow the growth of humanity?" The results of the fitting are numbers defining the 194 

empirical upper limit for population and an expression for how the degradation of our environmental 195 

support system feeds back on that upper limit.   196 

Figure 2. Feedback. (a) Ignorance feeds back in a positive way to rewilding. Rewilding 
increases ecosphere. Ecosphere feeds back negatively to obsolescence. Obsolescence increases 
ignorance.  (b) Exponential decrease of both ecosphere (pE) by domestication and ignorance 
(pI) by learning, results in a switch, first in ignorance then in ecosphere. Inset: undamped Lotke-
Volterra oscillation.  
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 197 

After fitting, the output of this model matches all historical population data from years 1500 to 2010 198 

within ±10% with the exception of the 1950 census, which is overestimated by 14%. It should be noted 199 

that 1950 census number was revised 17 times from 1951 to 1996, mostly upward19. Population growth 200 

has been sub-exponential over the last 50 years, suggesting that humanity is passing through an inflection 201 

point of a curve that is the product of two steep trends, one upward, the other downward. The upward 202 

curve is the combined exponential expansion of humanity and the intrinsically exponential increase in 203 

technological innovation, and the downward curve is the accelerating depletion of non-renewable 204 

resources and the loss of food security. The model predicts that the results of the 2020 census (not yet 205 

available) will be in the range 7.0 to 7.6 billion instead of the projected 7.8 billion1. The model predicts 206 

that the population may be peaking now and may likely decline to between 1 billion and 6 billion by 207 

2100. The nearness of the peak is supported by accelerating increases in adult mortality and decreases in 208 

birth rates since 20166. 209 

 210 

The system dynamics simulation assumes fixed set of parameters and equations throughout the simulated 211 

time period. The model has no outside sources or sinks. There are no built-in switches and no settings are 212 

changed at any point in the simulation. Nonetheless, the simulation matches very closely to 2010 years of 213 

population history spanning periods of slow growth, rapid growth, and recent deceleration. The results of 214 

Figure 3. Least-squares fits to years 1970 - 2010 are non-linearly correlated in the space of 
the four variables ( E0, a, u and v ) that effect only recent population data, as shown using 
hyperfit. For example, as seen in (a), the best-fit setting for v (ecosystem-dependent 
obsolescence of technology) goes down as we increase the setting for a (ecosystem fragility). 
Each image is a projection of minimum values of residuals from the 4D space to 2D spaces 
(a) a , v, (b) a , E0, (c) E0, v. (d) A plot of five trajectories using optimal and suboptimal 
values, demonstrating the effect of choice of E0 (total ecosystem size) on growth rate (1960-
2000) and on the position of the population peak, ignoring other parameters. A hypothesized 
infinite ecosystem,  E0=�  (bOacN), OeadV WR PaVViYe RYeUeVWiPaWe Rf gURZWh UaWe. 
E0=0.800e10 (green) or E0=0.750e10 (orange) overestimates growth rate and predicts a later 
peak. E0=0.695e10 (cyan) is optimal and predicts a 2020 peak. E0=0.600e10 (magenta) 
underestimates growth and predicts that we are past the peak. Thick blue line is population 
data up to 2010. 2020 population numbers are not available. 

y
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the study are a set of meaningful parameters that attach numbers to well-established but theoretical 215 

human/environment feedback mechanisms. Parametric solutions from the multi-variable least squares fit 216 

span only a narrow range in most variables, varying for the most part in the parameters that define the 217 

feedback between human population and the environment. Multiple solutions fit and explain past 218 

population data equally well but project very differently into the future (see examples in Figure 1b). 219 

 220 

Variables were solved in three stages. First, intrinsic growth parameters (H0, K0, Ĳ,  and ț) were fit to 221 

years 1 - 1970. Second, the three "footprint" variables that affect the balance between normal exponential 222 

growth and hyper-exponential growth (b, c and d) were fit to years 1900-2010. Third, the late 20th 223 

century discrepancy (1970 - 2010) was reconciled using the variables (E0, a, u, v) that determine the total 224 

global biocapacity, the fragility of ecosystem services, and the strength of feedback from the environment 225 

on the carrying capacity for humans.  One variable, the baseline mortality rate in Year 0 (I0) does not 226 

have an effect on population until after the present date, and therefore could not be fit. I0 may be 227 

arbitratilly set to 0.11 y-1 to reproduce previously estimated overshoot values (1.7 earths50). With this 228 

setting, the current population is 1.7 times the equilibrium value, which would be around 4 billion in 2100 229 

using I0=0.11. Also, four variables (w, p, sy, py) were created for the hypothetical implementation of 230 

environmental conservation policy in the 21st century.  231 

 232 

Perhaps the most consequential result of this modeling is the prediction of a peak in population occurring 233 

within a narrow time range at or near the present time, followed by a steep decline. Exploring the ranges 234 

of the parameters E0, a, u, and v  (see Figure 3a,b,c) that govern the negative feedback loop shown in 235 

Figure 2,  we see a narrow range in the possible peak populations (7.0 to 8.0 billion) and peak population 236 

years (2016 to 2040) that are consistent with the population data. Peak populations and peak years outside 237 

of the range are not seen when the variables are well fit to data. The range of solutions presented in Figure 238 

1b shows that possible 2060 populations vary from as low as 0.5 billion to as many as 6.5 billion. Longer 239 

term predictions are less confident.  240 This is not
particularlyshowingconfidence
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 241 

The behavior of the model with respect to parameters is complex and surprising. For example, if E0 is set 242 

to 7.50e9, it places the peak population year at 2038, but then the model fits poorly to the data, showing 243 

an upwardly curving trajectory through the 1980's and 90's (see Figure 3d), though we know that did not 244 

happen. Setting E0 to a low value of 5.5e9 places the peak at 2016 and shows a downward curving 245 

population trajectory from 1990 to 2010, which again we know did not happen. But if all other parameters 246 

are allowed to float and are fit to the data by exhaustive multidimensional search, then both high and low 247 

settings of E0 match very well to the 1970-2010 data (see Figure 1b). However, the results are reversed. 248 

The peak for low E0 is now at 2040, and the peak for high E0 is now at 2016. Surprisingly, in the context 249 

of the full complement of model parameters, the effect of E0 has become completely counter-intuitive. 250 

With a little effort we can rationalize this strange behavior, as follows. If E0 is high (8.0e9 gha) and yet 251 

population data is well fit, the parameter a adopts a high value (a=0.48), which means the ecosystem is 252 

fragile and fails well before it is completely depleted. This leads to a steeper downturn in carrying 253 

capacity, which leads to the observed prediction, a counterintuitive earlier peak.  On the other hand, if  E0 254 

is set to a low value (E0=4.2e9) and yet population data is well fit, then the parameter a adopts a low 255 

value (a=0.10) and a later population peak is predicted. Low a is interpretted to mean that the ecosystem 256 

is robust and the ecosystem services upon which we all depend are not entirely provided by the wild 257 

ecosphere but may be partially provided by the humansphere. To be clear, these very different predicted 258 

futures are not scenarios that can be affected by policy change, rather they are the results of uncertainty 259 

and a lack of undertanding of the fragility or robustness of the global ecosystem with respect to human 260 

carrying capacity. Upcoming results from the 2020 census will greatly resolve this uncertainty. 261 

 262 

The theoretical appearance of a population decline in the near future is a foregone conclusion of the 263 

design of the model itself. The model encodes the business-as-usual (BAU) assumption that humanity 264 

will not react to change and will continue to degrade the environment. It also assumes that the carrying 265 

capacity depends critically on resources that are not under human control nor are regenerated by human 266 
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activity, and which will not come under human control within the timeframe of the simulation. These 267 

model design choices are not to be considered incontrovertible, but they are consistent with the dominant 268 

theory in human ecology and are intended to be free of human exceptionalism.    269 

 270 

Discussion 271 

 272 

Human population dynamics has origins in the environment and in human behavior. An understanding of 273 

the essence of our interactions with Nature and with each other can be gained by expressing human 274 

population in a simple dynamic model.   The approach taken here has been to define the components and 275 

equations of a systems model and to tune the parameters of these components to fit population data. Prior 276 

to the current model we explored a number of alternative models or equations and rejected them, either 277 

because they could not be tuned to fit the data, or because they did not make real world sense, or because 278 

they were too complex.   279 

 280 

The World4 model is a BAU projection in the sense that human growth behavior and behavior towards 281 

the environment are treated as parameters that are solved from past population data, not parameters that 282 

seek an outcome. A range of parametric solutions has been found.  The median projection (Figure 1) 283 

peaks at or around 2022, then falls steeply, leveling off at around 3 billion. The cause of the decline 284 

within the model is a decrease in the food supply caused in turn by degradation of the environment and 285 

the concomitant atenuation of essential ecosystem services. The model reflects the current thinking on 286 

climate change and its repercussions. Climate change leads to weather uncertainty, increased severe 287 

storms, draught and floods, and sea level rise affecting low-lying areas -- each a factor in decreasing 288 

agricultural output. Increased hunger in turn fuels conflict 20,21. Conflict leads to further decreases in food 289 

production and to mass migration, as we have seen recently from the rapidly heating Sahel region of 290 

Africa22,23.  In the BAU projection we see an increase in human mortality, followed by a decrease in 291 

carrying capacity.  The recent worldwide spread of Covid-19 is an example of an emerging source of 292 

This seems very unlikely
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mortality for which human technology was not ready. Societal stressors such as hunger or a pandemic can 293 

drive violent behavior24. In the medan projection, following the peak, population drops quickly, 294 

accelerating to 100 million net lives lost per year through the years 2030 to 2040, which is faster than the 295 

fastest growth during the 20th century. In this model, we clearly see the cause of the rapid decline -- the 296 

exponential growth of the consumption of finite vital natural resources.  297 

  298 

We are beginning to see the effects of the decline of natural resources and ecosystem services. Fossil 299 

fuels, fresh water aquifers, and greenhouse gas sequestration by plants are all regarded in this model as 300 

part of the ecosphere since they are not generated by human activity. The decline of one or more natural 301 

resources is cited as a cause of, for example, the ongoing deadly conflicts in Syria starting since 2011, the 302 

conflicts and famine in Yemen beginning in 2015, and the economic collapse in Venezuela that began in 303 

2014, to mention a few. Draught and desertification were blamed for conflicts and mass migration out of 304 

the Sahel region of Africa, where Lake Chad has all but disappeared. Conflicts and famine have produced 305 

millions of refugees. Innumerable lives have been lost crossing the Sahara or crossing the Mediterranean, 306 

or in primitive camps along the southern borders of Europe.  The 2017 documentary film "Human 307 

Flow"26 reveals the massive scale of the refugee issue. Meanwhile, the global north has responded to the 308 

aggregate changes of the last 50 years with a dramatic decrease in the birth rate. An increasingly 309 

technological  workforce has meant women spend more time in school and marry later. Rising oil prices 310 

have steadily ramped up the cost of raising a child, leading to smaller families by choice. Total fertility 311 

rate (TFR) globally is projected to reach replacement level (2.11) this year, 2020.  312 

  313 

Along with ecosystem decline, the model predicts changes in technology. In the projection, knowledge 314 

will be lost or made obsolescent during a population collapse. Much of our cultural technology is 315 

composed of laws, governance and economics. In recent economic history, consumerism has become 316 

engrained in our culture27,28. Stability and prosperity in the context of the current economic system relies 317 

on population growth, according to economists. A technology shift in economics is likely when 318 

µ

a
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population begins to decline, since growth-based economic systems and the associated body of 319 

knowledge will become obsolescent in the sense that they will not produce stability. In effect, economics 320 

will have to be re-learned. Obsolescence of growth-based economics may manifest itself in real-world 321 

breakdown in economic systems leading to decreased efficiency in manufacture and trade, in turn leading 322 

to a decrease in the effective food supply, which in turn will cause an increase in malnutrition and a 323 

decreased birth rate. Already, increased adult mortality and decreased birth rate are both current trends in 324 

global vital statistics29. In other areas, medical technology is partially responsible for a historic low death 325 

rate worldwide, but successful treatment of disease requires instruments and drugs that depend on a 326 

complex supply chain and high level engineering skills. In the event of an economic shift, supply chains 327 

will be disrupted unless a new system of economic motivation is quickly invented to replace the growth 328 

motive. In agriculture, technology to increase crop yields will become obsolescent as climate challenges, 329 

biodiversity losses (especially the loss of pollinating insects),  and depletion of freshwater aquifers,  330 

combine with economic changes to reduce the efficiency of food production and distribution.  331 

 332 

But the future could easily be different. Humanity could adapt in many ways, good and bad. Modeling 333 

adaptation mechanisms opens a non-BAU modeling space that is too large to thoroughly explore.  Taking 334 

inspiration from E. O. Wilson's book "Half Earth"37, parameters for policies to preserve wild nature were 335 

implemented. Four new variables were added, w, y, py and sy, as defined in Table 1, for the target amount 336 

of ecosphere to save, the level of policy enforcement, the phase-in period and the date on which the 337 

policy begins, respectively. These variables do not affect populations prior to and including 2010.  338 

Preserving wild land wild allows humans to thrive. The optimal result (coindidentally it is w=0.5, half 339 

earth!) gives, as Wilson predicted, a stable and high human population (Figure 4). This makes sense 340 

mathematically, because the carrying capacity equation contains a term of the form x(1-x), which has a 341 

maximum at x = 0.5 where x is the fraction of the Earth dedicated to the ecosphere. But it also makes 342 

sense ecologically, because maximum sustainable food production is a trade off between maximizing 343 

hgede bdmenhtaoefffoues.eeingthe Is
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arable land and maximizing climate stability, the latter embodied in wild forests and arctic ice, and other 344 

buffers to change. A global climate awareness campaign might lead to such a balance.  345 

 346 

Figure 4. Half-Earth scenarios. Population projections for conservation efforts with various % enforcement, 
length of phase-in period and the % of ecosphere to be preserved, as compared to a BAU scenario. Dotted 
line is the present year, 2020. 
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Table 1. Complete component list for World4 model in four parts. (a) Variables. (b) Flows. (c) Stocks. (d) Equations. 
Variables in bold italics were fit to data. Best value is one solution of many. Range shows values that can be fit to data 
with less than a specific residual depending on range of years fit. Fit years is the range used for fitting in hyperfit. 

(a)    
Var. Best value Range Fit years Physical meaning 

a   0.426 0.35 to 0.48 1970-2010 Ecosystem fragility. Relates ccE vs ecosphere. A higher/lower a means that 
ecosystem services are fragile/robust with respect to ecosphere, 
respectively  

b 1.0 people/gha 0.7 to 1.7 1000-1970 Base level carrying capacity for ecosphere.  
c 5.5 people/gha 4.5 to 7.0 1000-1970 Base level carrying capacity for humansphere.  
d -110 -150 to -90 n/a Rule of diminishing returns. Relates knowledge to CC. A more negative 

value for d means knowledge raises CC more. 
E0   7.05E+09 gha 4.3e9 to 8.1e9 1970-2010 Initial biocapacity of the ecosphere.  
H0 1.5e8 gha 1.2e8 to 1.6e8 1-1970 Domesticated land in 0CE. Initial value of humansphere. 
I0 0.05 y-1 0.05 to 0.25 n/a Base mortality. Multiplied by humansphere to get rewilding. Must be higher 

than maximum value of knowledge. Past population is insensitive to this 
variable but it affects future population.  

K0 7.25e-11 y-1 2.0e-11 to 2.0e-9 1000-1970 Technology in Year 0. Initial value of knowledge in 0CE. 
p n/a 0 to 1.0 n/a Enforcement level of conservation policy. Higher p means stronger 

enforcement of policy.  
py n/a 0 to inf. n/a Policy phase-in time of conservation policy. Linear phase-in for 

enforcement of conservation policy w.   
sy n/a 1960 to inf. n/a Starting date of phase-in of conservation policy. When pE < w, 

domestication is multiplied by g = g(((y-sy)/py)p+(1-(y-sy)/py)(1-exp(-10(w-
pE))) + exp(-10(w-pE)), where y is the current year. Used only in the phase-
in period sy through sy+py. 

u   -8.6 -inf. to -6.5 1970-2010 Aggressiveness of growth.  
v -11.46 -inf. to -9.0 1970-2010 Aggressiveness of technological development.  
w n/a 0 to 0.5 n/a Fraction of ecosphere to save using conservation policy. When pE < w, 

domestication is multiplied by p (1-exp(-10(w-pE))) + exp(-10(w-pE)) 
ț 9.6E-03 y-1 6.5e-3 to 1.0e-2 1000-1970 Learning rate. Rate of the intrinsic growth of knowledge.  
Ĳ 852 y 700 to 1525 1-1970 Doubling time of humansphere in Year 0.  

 

(b)     

Flow Source Sink Formula Physical meaning 
rewilding humansphere ecosphere ignorance*humansphere Deaths expressed as change in ecological footprint. 

domestication ecosphere humansphere g*humansphere Births expressed as change in ecological footprint.  
learning ignorance knowledge ț *knowledge Intrinsic technology growth. 

obsolescence knowledge ignorance r*knowledge Loss of technology. 
   

(c)   
Stock Initial value Physical meaning 

humansphere H0 Amount of total biocapacity appropriated for human use in Year 0, in gha.  
ecosphere E0 Amount of total biocapacity not appropriated for human use in Year 0, in gha.  
knowledge K0 Mortality eradicated by technology, in per year rate units  y-1.  
ignorance I0 Base mortality rate. Eradicated by technology. In per year rate units, y-1.  

   

(d)   

Equation Formula Physical meaning 
ccE b pE

(0.5/(1+pE-2a)) Carrying capacity contributed by the ecosphere. 
ccH c (1 - exp(d * knowledge)) ccE Carrying capacity contributed by the humansphere . 
pE ecosphere/E0 The wild fraction of the environment. 
g (I0 + ln(2)/Ĳ)(1-exp(u pE)) ecosphere-dependent net intrinsic growth rate of humansphere 
r exp(v pE) ecosphere-dependent depletion rate of knowledge 

CC ccE + ccH Global carrying capacity in humans per gha.  

population CC*humansphere Carrying capacity determines population number.  
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Any attempt to halt growth has to address the population. Cultural taboos currently prevent discussing, 348 

much less solving, this problem44. But in a what-if scenario, we can imagine ways that population growth 349 

can be halted or even reversed while preserving peace and prosperity. To build a mental picture of a 350 

society that has achieved balance with nature, imagine a people with a strong religious prohibition against 351 

growth, so engrained that no policing is required. A woman of child-bearing age in the Half-Earth world 352 

are permitted to have another child only if she is "blessed" by an elderly person, who, on his deathbed, 353 

bequeaths to her his one and only "blessing" -- the right to procreate.  The one-to-one matching of deaths 354 

to births would guarantee population stability.  355 

 356 

 357 

 358 

Conclusions 359 

Hyperexponential population growth implies a dynamic system with two intrinsically growing quantities, 360 

human impact and technology. In a closed system, growth of one quantity implies depletion of another. 361 

Knowledge depletes ignorance, and the humansphere depletes the ecosphere. The quantities that are 362 

being depleted affect each other in a negative feedback loop leading to a sharp peak followed by a 363 

collapse of humansphere and knowledge. The timing of the collapse was determined by fitting the global 364 

limits to population in the context of hyperexponential growth. Population is predicted to peak between 365 

years 2017 and 2033 at a value of between 7.2e9 and 7.8e9 people. A much clearer picture will emerge 366 

when the 2020 census data is available. 367 

 368 

Methods 369 

 370 

Structure of the Model 371 

 372 
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The hyper-exponential growth of human population from 1000 CE to the present is revealed by simple 373 

curve fitting to historical population data.  374 

 375 

Pt = 1.36e8 exp(7.78e-4 t + 8.10e-9 exp(9.74e-3 t))     (6) 376 

 377 

where t is the year since 0 CE and Pt is population at t. This formula fits all population numbers from 378 

1700-1987 within 10%, and all numbers from the present back to 1000CE within 17%, except 2010. Note 379 

that this equation differs from an earlier published one (Eq 12 in 3) with the addition of a log-linear term 380 

(7.78e-4 t). This term improves the fit to numbers in the Renaissance period. Eq. 6 may be interpreted as 381 

exponential growth in which the growth rate grows exponentially due to an exponential decline in the 382 

death rate. Other functional forms of the growth equation were considered and discarded, either because 383 

they did not fit the data or because they were not realistic. For example, normal exponential growth fits 384 

poorly to the data after 1500. On the other hand, a hyperbolic function fits all the data but lacks a physical 385 

rationale. Only the hyper-exponential equation achieves the steepness of human population growth in the 386 

20th century without implying an unrealistic asymptote or arbitrary timepoints of discontinuity.  387 

 388 

The hyper-exponential equation has two intrinsic growth rates. Therefore it implies two interacting 389 

subsystems, one containing the human population and the other containing a quantity that affects the rate 390 

of human growth. For this quantity we use the term "knowledge", meaning knowledge of technology. 391 

Technology generally improves life expectancy and efficiency in the use of natural resources and thus 392 

accelerates growth4. Knowledge of technology grows intrinsically, while humanity grows both 393 

intrinsically and extrinsically, depending on knowledge.  394 

 395 

Drawing inspiration from the "ecological footprint" literature, the stock quantity that includes humanity is 396 

modeled as the total human-dominated portion of the global ecosystem, called the humansphere 12. The 397 

remaining global biocapacity is the ecosphere, representing the portion of the global environment that is 398 
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not under human domination. Humansphere and ecosphere are measured in global hectares (gha) and sum 399 

to a constant, which is the maximum total biocapacity, E0. Humans are assumed to be a K-selected 400 

species as opposed to r-selected2. The population of a K-selected species is determined by the carrying 401 

capacity, therefore multiplying humansphere by the carrying capacity per gha gives the population. 402 

 403 

Growth of humanity is modeled as a flow of gha from ecosphere to humansphere,  with value 404 

domestication = g x humansphere. This flow goes to zero as the ecosphere, the space into which 405 

humansphere must expand, goes to zero.  406 

 407 

g = (I0 + ln(2)/Ĳ)(1-exp(u pE))     (7) 408 

 409 

where g is the domestication rate constant measured in reciprocal years (y-1), pE = ecosphere/E0, Ĳ is the 410 

initial doubling time of the population in years, and I0  is the initial value of ignorance. The negative-411 

valued variable u models the aggressiveness of human growth as ecosphere approaches zero, discussed 412 

below. A large negative u means aggressive domestication. Flow of humansphere back to ecosphere is 413 

called rewilding (see Eq 4). Note that ignorance, a number that reflects the mortality rate, initially 414 

declines exponentially as knowledge takes its place. 415 

 416 

Expressing human population using the total ecological footprint of humanity is functionally equivalent to 417 

the more traditional birth/death model. Rewilding is equivalent to death, since, upon death, a human's 418 

resources are returned to the ecosphere. Food that is not eaten counts as carbon sequestered, and waste 419 

that is not produced counts as waste assimilated. Therefore, death converts humansphere to ecosphere. By 420 

the same token, domestication is functionally equivalent to birth since it converts ecosphere to 421 

humansphere to support an increase in our numbers.  422 

 423 
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Knowledge (of technology) flows from ignorance (of technology), at the intrinsic rate called learning = ț 424 

*knowledge. The optimal value ț =9.6e-3 y-1 was determined from the data. The amount of learning is the 425 

degree to which life expectancy has been increased by science and technology in a given year. 426 

Theoretically, maximum knowledge implies zero ignorance, which unrealistically implies zero death. 427 

However, simulations never come close to this value. On the other hand, zero knowledge implies a 428 

mortality rate of equal to the base value, estimated as I0=0.11 y-1. Unfortunately I0 could not be precisely 429 

fit because it affects the simulations only after the present time. This estimate is derived from the 430 

estimated current overshoot of the global biocapacity5. 431 

 432 

Knowledge can and does flow back to ignorance in the sense that technology becomes lost or obsolescent. 433 

Obsolescence happens when new forms of mortality emerge from advancing technology, such as cancer 434 

arising from chemical synthesis of pesticides, draught arising from the efficient depletion of aquifers, and 435 

disease transmission arising from the increased ease of long-distance travel. In these cases, innovations 436 

that initially increased lifespan later uncovered a cryptic ignorance. To model cryptic ignorance, 437 

knowledge flows back to ignorance with value obsolescence = r * knowledge, where  438 

 439 

r = exp(v pE)      (8) 440 

 441 

where pE = ecosphere/E0. Obsolescence is increased by environmental degradation. The negative-valued 442 

variable v was fit to late 20th century population data. A larger negative value for v leads to less 443 

obsolescence and steeper population growth. 444 

 445 

To achieve the observed population growth in the 20th century, knowledge was applied to both population 446 

growth and the growth of the carrying capacity (CC). In preliminary studies, applying knowledge to only 447 

the mortality rate (rewilding) or to only the CC did not reproduce the observed steepness of 20th century 448 

population growth. CC is defined as the number of people that can be supported on one global hectare 449 
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(gha) of humansphere. The global biocapacity is treated as an unknown constant value E0, an amount of 450 

the world's biocapacity which is split between ecosphere and humansphere12. Both ecosphere and 451 

humansphere contribute resources needed for human life, therefore CC = ccE + ccH, but only the carrying 452 

capacity contributed by the humansphere (ccH ) is augmented by knowledge, as shown here. 453 

 454 

ccH =c (1 - exp(d * knowledge)) ccE     (9) 455 

 456 

In this view, the carrying capacity contributed by the humansphere is wholly dependent on the ecosphere 457 

carrying capacity (ccE, Eq 10 below), because food production approaches zero as ecosystem services 458 

approach zero. The loss of ecosystem services that maintain climate stability would leave us with 459 

unpredictable temperature, precipitation, and storms. Season-to-season instability and unpredictability limit 460 

the efficiency of agriculture. Thus environmental degradation (loss of ecosphere) leads to a decreased 461 

carrying capacity and therefore a loss of human population.  Consider for example that the ecosphere 462 

includes fresh water aquifers and fossil fuels, factors in food production which are not likely to be replaced 463 

by any amount of human invention. Human food production is also limited by the total area of agricultural 464 

lands (humansphere) times the maximum carrying capacity of those lands under intense cultivation (c)5. 465 

The term 1-exp(d * knowledge) expresses the rise in food production efficiency per gha as knowledge 466 

increases4. Following the "law of diminishing returns"30, food production rises more slowly with each 467 

additional unit of knowledge. The optimal value for the degree of diminishing returns was d = -110.  468 

 469 

Although carrying capacity is wholly dependent on ecosystem services, those services are related to the 470 

biocapacity of the ecosphere in a way that cannot be easily assumed. We may hypothesize that damage to 471 

the ecosystem is not felt until a certain threshold in degradation is reached. Thereafter the damage to 472 

ecosystem services may be rapid and go asymptotically to zero, as described allegorically in Ehrlich's 473 

"The Population Explosion"33 with the "rivet popper" story. Indeed, in many ways, the global ecosystem, 474 

like the airplane wing in the story, can take serious damage before it suddenly fails in flight. On the other 475 
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hand, the environment may be more robust than we know and the ecosphere may pass a percentage of its 476 

ecosystem services to the humansphere, never really collapsing to zero. An asymmetric sigmoid function 477 

(Eq 10)  is used to express a continuum of unknown non-linear relationships between ecosphere and 478 

ecosystem services (ccE). The asymmetric sigmoid curve allows us to optimize a single parameter (a) to 479 

express the degree of robustness or fragility of the ecosystem. If a is low, the environment responds 480 

robustly to depletion of ecosphere by retaining ecosystem services within the humansphere, whereas if a 481 

is high then the ecosystem is fragile and critical services are lost suddenly, as described in Ehrlich's story. 482 

This function allows to explore ecosystem fragility by fitting proposed non-linear ecosystem behavior to 483 

population. 484 

ccE = b pE
(0.5/(1+p

E
-2a))     (10) 485 

where pE = ecosphere/E0. Figure 5 shows the shape of the ccE function and how it changes with a. 486 

 487 

Variable a was initially set to a value that places the global ecosystem today at about one-half 488 

humansphere and one-half ecosphere in 2005, the year of "peak oil"34, albeit that peak date should 489 

perhaps be pushed forward by new discoveries of natural gas and new mining technologies. Fossil fuel is 490 

a dominant resource in raising the carrying capacity in the 20th century and its numbers are well studied 491 

and readily available, however it should be recognized that other limiting natural resources and ecosystem 492 

services may "run out" before fossil fuel does. Therefore, the variable a was set, not by a priori, but by 493 

fitting to late 20th century population data as described below. This variable, along with E0, is one of the 494 

most critical to the accurate fitting of late 20th century, post-hyperexponential growth. The optimal value 495 

of a was found to be in a range from 0.27 to 0.48 depending other variables. Figure 3a,b,c shows the 496 

shape of the range of optimality in dimensions a, E0, and v.  497 

 498 

Figure 5. Plot of Eq 10, the ecosphere component of the carrying capacity for humans. Increasing values of a 
move the curve to the right, meaning ecosystem services are more fragile with respect to the ecosphere.  

It is notclear how all these
values in a to go interactwithThe model is poorly set out
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The optimized model (Table 1) was found to closely reproduce a 65% increase in the total caloric output 499 

of agriculture observed during the Green Revolution from 1960-201031,32.  In the model, the carrying 500 

capacity ccH goes from 0.80 gha per capita in 1960, to 1.33 gha per capita in 2010, a 66% increase.  The 501 

model also roughly reproduces the total human ecological footprint increase of 225% from 0.75 Earths in 502 

1960 to 1.7 Earths in 2010 50. In the model, humansphere grows 187% over the same period.   503 

 504 

 505 

Model Fitting to Population Data 506 

 507 

Variable setting were determined by least-squares fitting using the program Hyperfit. All variables in bold 508 

italics in Table 1 were fit to data. The most accurate and reliable data relevant to human population is the 509 

population itself.  Global population numbers have been estimated for as far back as 10,000 years ago, 510 

and recent numbers are likely to be correct within 3%19. Exploratory curve fitting was used to test 511 

functional forms using Microsoft Excel, using the Solver plug-in35.  Other global numbers, such as the 512 

ecological footprint, world forest cover, atmospheric carbon, global economic output, etc. were used in 513 

supporting roles only. 514 

 515 

Several different methods were used for least-squares fitting. Initially, the parameters were fit 516 

heirarchically. The variables were fit to population data starting with the distant past and progressing 517 

forward to the present. Eight variables defining exponential and early hyper-exponential growth (I0, Ĳ0, 518 

H0, K0, ț, b, c, d) were fit to population data from years 1000 to 1970 using Eq. 1. Non-linear least-519 

squares (Solver35) was used to find the parametric optimum but failed to converge due to strong 520 

covariance. Finally, a range of least-squares minima was identified by exhaustive sampling of variables 521 

within the ranges defined by the heirachical fit method, using Hyperfit.  522 

 523 The model is over specifiedThere are too many parametersHence the problems withparameter fitting
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Hyperfit is a program in Fortran90 that runs the World4 model for any number of ranges of variables, 524 

either randomly or exhaustively. In exhaustive sampling mode, Hyperfit reads an input file containing the 525 

ranges to be sampled and parameters for the range of years to be fit and the sampling density. The output 526 

is a matrix of mean square residuals summed over the range of years sampled. Up to 4 variables can be 527 

sampled exhaustively. The program outputs to the plotting program gnuplot51. In random sampling mode, 528 

Hyperfit samples all variables within ranges defined in the input file using a flat probability distribution, 529 

then runs a simulation and saves the parameters if the residual is below a cutoff (e.g. 0.5e8 for the years 530 

1970-2010). The set of best fit parameters were passed back into Hyperfit to generate trajectories for 531 

plotting, using Microsoft Excel.   532 

 533 

The growth model shown in Eq. 6 fits populations from 1000 to 1960 but does not fit populations from 534 

the most recent 50 years  as shown in Figure 3d. In the last 50 years, population growth has slowed, going 535 

from hyper-exponential to sub-exponential to linear. The slowing of growth is rationalized as a carrying 536 

capacity effect, whose dependency on the environment and technology is modeled by Eqs 9 and 10. These 537 

equation contain four additional parameters which modify growth to match the data to within ±20 million 538 

or 0.3%.  The four variables (a, E0, u, v) do not have a significant effect on populations before the year 539 

1970.  An additional four variables (w, y, py, sy) were defined for what-if scenarios only, and these were 540 

not fit to data and do not affect population prior to 2020. 541 

 542 

Model availability 543 

 544 

The interactive model World4 may be accessed on the InsightMaker web site36. By cloning the model, 545 

anyone can make changes. Complete parameters and equations for the model are included in the model 546 

itself and in Table 1. The program Hyperfit is freely available from the author upon request.  Hyperfit 547 

requires installation of gnuplot. 51 548 

 549 

This description istotally unclear
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